Frictional behavior of a synthetic engine oil, SJ/CF/5W-30, was investigated on a SRV reciprocating tribotester with tribo-materials consisting of Mo-sprayed coating, nitrided coating and Cr-plated coating sliding against cast iron operating under stepwise heating conditions. It was observed that, for the three tribo-materials, as operating temperature rose, there invariably existed a local minimum for frictional coefficient (μ), and the specific minimal μ value depended on the type of tribo-materials. Chemical characterization of worn cast iron surfaces using Raman spectroscopy indicated the existence of carbonaceous substances derived from the applied engine oil. There existed some correlation between microcrystal graphitic planar size (La value) and the local minimal frictional coefficient. Of the three tribo-materials, the maximal La value of the carbonaceous species was founded on the Mo-sprayed coating, and correspondingly, the lowest frictional coefficient occurred, indicating a more obvious anti-friction effect.
INTRODUCTION
Due to the combined effect of mechanical action and friction heating, in the course of friction and wear at high temperatures, there invariably occurs decomposition and further tribo-carbonization of lubricant on worn surfaces of tribo-pairs [1, 2] . Since carbon is the main element in the lubricant, the products generated from the tribo-carbonization of the lubricant are carbon-rich species containing oxygen, silicon, phosphorus, and active additive elements [3] [4] [5] . It is well known that superior lubricity is one of the common features for carbonaceous matters. Therefore, in point of lubricity, there appears to exist a possibility of utilization of the carbon-rich products derived from the tribo-carbonization of the lubricant. It has been reported that a graphitic carbon film having excellent lubricating performance can be successfully in situ generated on the surfaces of tribo-pairs due to the high temperature tribo-carbonization of the lubricant [6] [7] [8] . Generally speaking, the tribo-carbonization of the lubricant should be greatly affected by the tribo-materials, since there exists an interaction between these two elements for a designated tribo-chemical system. However, the possible correlation between the behavior of the tribo-carbonized products and the tribo-materials has not yet been investigated. In present paper, Raman spectroscopy was used to characterize the products derived from the tribo-carbonization of a fully formulated synthetic engine oil (SJ/CF/5W-30) with respect to three tribo-materials, including Mo-sprayed coating, nitrided coating and Cr-plated coating, so as to probe into the possible correlation between the frictional performance of the designated lubricant and the behavior of its tribo-carbonized products as well as the effect of the type of tribo-materials.
EXPERIMENTAL
Tribological experiment was conducted on an Optimal-SRV tribotester under a stepwise heating scheme. The upper specimen (i.e., the tribo-materials studied in the test) is made of Mo-sprayed coating, nitrided coating and Cr-plated coating, respectively, and the lower specimen was machined from plain grey cast iron. Before each test run, 40μL of lubricating oil, a fully formulated synthetic engine oil (SJ/CF/5W-30) was supplied onto the contact area.
RESULTS AND DISCUSSION
For all the three tribo-materials, the local minimal μvalues are identified on the curves for frictional coefficient as temperature ascends (Fig. 1) . In addition, the minimal μvalue varies depending on the type of tribo-materials. It can be found that, for the designated three tribo-materials, there exist approximately similar temperature ranges for the occurrence of Copyright © 2005 by ASME theμminimum, while the correspondingly minimal μvalues are quite different. The tribo-materials can be relatively ranked as follows (lowest minimal μ value first): Mo-sprayed coating > nitrided coating > Cr-plated coating. Clearly, the occurrence of the minimal μ values can be attributed to the tribo-carbonization for the fully formulated synthetic engine oil (SJ/CF/5W-30). In order to investigate the tribo-carbonization for the lubricant under stepwise heating conditions and its correlation to the tribo-materials, the worn cast iron surfaces corresponding to 5 typical points defined on theμcurves were studied with a Laser-Raman molecular spectroscopy. The Raman spectra have shown that, for all the three tribo-materials, during the friction and wear process carried out under the stepwise heating conditions, the carbonaceous matters, including the disordered carbons and the ordered carbons, derived from the tribo-pyrolysis of the lubricant, can be generated on the worn cast iron surfaces. The Raman spectra for the worn cast iron surfaces were best fitted by two peaks considering Lorentzien line shapes so as to further understand the features of the products tribo-pyrolyzed from the lubricant. The microcrystalline graphitic planar size (La) obtained from the fittings is displayed in Fig.2 . For all the three tribo-materials, 
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Mo-sprayed coating Nitrided coating Cr-plated coating Fig. 2 Plots of graphitic crystallite size (La) vs tribo-materials the tribo-carbonized products derived from the lubricant with regard to the feature parameters such as the microcrystalline planar size (La) tend to vary similarly with the change in temperature. However, the specific La values are quite different for the three tribo-materials. Therefore, it can be concluded that the tribo-materials have exerted important influence on the degree of the tribo-carbonization of the lubricant. By comparison to the La change and theμchange with the temperature, it can be deduced that the frictional coefficient (μ) varies depending on the microcrystalline planar size (La) of the tribo-carbonized product for the lubricant, and, the larger the La value, the lower the μ value. Furthermore, it can also be seen that the maximum La value has much to do with the type of tribo-materials. For the three tribo-materials, the maximum La value can be relatively ranked as follows: Mo-sprayed coating＞ nitrided coating＞Cr-plated coating, that is, the tribo-materialMo-sprayed coating corresponds to the largest maximum La value, whereas the tribo-material -Cr-plated coating corresponds to the smallest maximum La value. In addition, the minimalμvalue can be relatively ranked as follows: Mo-sprayed coating (0.52) ＞ nitrided coating (0.075) ＞ Cr-plated coating (0.082). Based on the results for La and μ listed above, therefore, it can be supposed that there exists a correlation between the microcrystalline planar size (La), an important feature parameter representing the tribo-carbonized products of the lubricant, and the high temperature friction performance of the lubricant.
CONCLUSIONS
a. In the course of friction and wear process carried out under lubricated and stepwise heating conditions, there invariably occurs a local minimal value of frictional coefficient (μ) as operating temperature rises, with the specific minimalμvalue depending uniquely on the type of tribo-materials. Comparatively, the lowest minimalμ value can be achieved with the tribo-material of Mo-sprayed coating. b. Raman spectroscopic examination of worn cast iron surfaces shows that the carbonaceous substances derived from the applied engine oil SJ/CF/5W-30 includes disordered (D line) and ordered (G line) carbonaceous species, with their ratios varying with the typical points on the temporal curves of friction coefficient. Positions of G-lines (indication of ordered carbonaceous species) on the Raman spectra, their widths and the calculated sizes of graphite microcrystallite involved (La) vary depending on the type of tribo-materials. c. There exists some correlation between La values and the local minimalμvalues. Of the three tribo-materials, the maximal La value of the carbonaceous species was founded on the Mo-sprayed coating, and correspondingly, the lowest frictional coefficient occurred, indicating a more obvious anti-friction effect.
